Generalized gradient approximations have been used to calculate the potential energy curves for six rare gas diatomic molecules. Several generalized gradient approximations are found to provide a good description of binding in these diatomic molecules and show a significant improvement over the local density approximation in the prediction of bond lengths and dissociation energies. It is shown here that the behavior of an exchange functional in the region of small density and large density gradient plays a very important role in the ability of the functional to describe this type of van der Waals attraction.
I. INTRODUCTION
Kohn-Sham density functional theory ͑DFT͒ has been very successful in electronic structure calculations of atoms, molecules and solids. [1] [2] [3] [4] Various generalized gradient approximations ͑GGA͒ for the exchange-correlation functionals improve systematically over the local density approximation ͑LDA͒ in describing chemical bonds. 5, 6 GGA yields rather good thermochemistry for strongly bound molecules 7 and even is able to describe hydrogen-bond interaction with an adequate accuracy. 8 But for the van der Waals systems, GGA encounters great challenge. [9] [10] [11] [12] [13] It was shown that GGA only displays repulsive potential curves with no minimum while LDA severely over-binds for rare gas diatomic molecules. 10, 11 These studies led to the conclusion that GGA does not make any improvement over LDA and is erratic in describing the binding of van der Waals molecules. 4, [10] [11] [12] [13] [14] [15] It is also commonly assumed that the failure of DFT for these van der Waals systems is due to the error in correlation functionals. Recently there have been some novel approaches by Andersson et al., 14 and Dobson et al. 15 to introduce functionals specifically designed to incorporate van der Waals interaction. DFT for van der Waals interaction remains a challenging problem.
Up to now, the GGA calculations which demonstrated purely repulsive interaction for these systems 10, 11 have only used Becke's exchange functional ͑Becke88͒
16 plus other correlation functionals. 17, 18 Although Lacks and Gordon had tested several exchange functionals on He 2 and Ne 2 , the correlation functional was not considered and they only compared their results with Hartree-Fock exchange. 9 In this letter, we address the role of the exchange functional on the performance of DFT in van der Waals systems. We test seven recent GGA exchange functionals in conjunction with the Perdew-Wang 1991 ͑PW91͒ correlation functional 19 on six rare gas diatomic molecules: He 2 , Ne 2 , Ar 2 , HeNe, HeAr, and NeAr. It is found that indeed several GGA exchange correlation functionals lead to significant improvement over LDA in describing binding of these van der Waals systems. It is shown that the behavior of an exchange functional in the region of small density and large density gradient plays a very important role: the difference of the exchange functionals in this region accounts for the qualitative changes in their ability to describe this type of van der Waals attraction.
II. GENERALIZED GRADIENT APPROXIMATION FOR THE EXCHANGE FUNCTIONAL
GGA exchange functionals depend not only on the density at the point r but also on the density gradient. They are normally cast into the form
where the exchange energy density ⑀ x can be written as 9 we plot the F(x)ϳx curve in Fig. 1 , where F(x) and x are defined in Eqs. ͑2͒ and ͑4͒. It can be seen from Fig. 1 that for small x, the difference between various exchange functionals is negligible; this small-x region contributes most of the exchange energy for atoms and covalent molecular systems. On the other hand, for the large x, where the density is small and the densitygradient is large, the difference between different GGA exchange functionals is remarkable. This region has been demonstrated to make dominant contribution to ⌬E x for He 2 and Ne 2 ͑⌬E x is the exchange energy of molecules minus the total exchange energy of two free atoms͒. 9 Now the question is what behavior a GGA exchange functional should have for large x and how it affects the performance of DFT in van der Waals systems. One of the exact criteria for exchange functional is asymptotic property of the exchange energy density ͑see, for example, Ref. 16͒. Within GGA, this criteria is 25 F͑x ͒ϳ
There is also an inequality for the exact exchange functional from the work of Lieb and Oxford. 26 This condition has been used for the exchange density; it is 19 F͑x ͒р2.273. ͑6͒
Note, however, that Eq. ͑6͒ is only a sufficient condition to satisfy the Lieb-Oxford bound; that is, it is not necessary for the exact exchange energy density to obey this equation to satisfy the Lieb-Oxford bound. It appears that Eq. ͑5͒ and Eq. ͑6͒ are not compatible for large values of x. Among the exchange functionals, Becke88 satisfies Eq. ͑5͒, while PW91, PBE and Becke86A exchange obey Eq. ͑6͒. Our calculations will point to the importance of the exchange energy density for large x.
III. CALCULATIONS
Self-consistent Kohn-Sham density functional calculations using our DFT programs 27 were performed for these six rare gas diatomic molecules with the following choice of exchange-correlation functionals: LDA ͑Vosko-WilkNusair correlation functional 28 ͒, and seven GGA exchange functionals in conjunction with PW91 correlation functional. 19 All calculations employed a double numerical basis sets with polarized functions, 27 similar to the DNP basis functions in Dmol program. 29 We do not need to use the counterpoise correction because the molecular basis set we use includes the highly accurate numerical solution to the atomic problems. 27 This basis set is tested to be sufficient for studying these systems: using more basis functions changes the total energy less than 0.0002 eV. More than 18 000 mesh points is used for each atom in numerical integration to achieve a precision of 10 Ϫ5 eV in energy. Because the binding of these systems are very weak, the normal geometry optimization methods which need energy gradient are not suitable. The equilibrium bond lengths in Table I are determined by the golden search method without using gradient.
We compare the calculated potential energy curves with the highly accurate values of Ogilvie and Wang, 30, 31 which are obtained by fitting to experimental data. For comparison in equilibrium lengths and binding energies, we use the experimental data collected in Refs. 30 and 31. Ab initio fourth-order Mo "ller-Plesset perturbation theory ͑MP4͒ results of Tao and Pan [32] [33] [34] are also listed in Table I . Figure 2 confirms the result of previous studies that LDA severely overbinds rare gas diatomic molecules and the combination of Becke88 exchange with PW91 correlation functional only gives repulsive curves with no minimum for these systems. 10, 11 We observe that DK87 exchange functional also gives the repulsive interaction, to a lesser degree than Becke88. PW86 curves are almost flat in the binding region and Becke86B curves describe little binding.
IV. RESULTS AND DISCUSSIONS
However, Becke86A, PBE, and PW91 all definitely give binding for these van der Waals systems and all perform much better than LDA, especially PBE and Becke86A. From Table I , it can be seen that the mean absolute error ͑MAE͒ of PBE exchange with PW91 correlation is 0.23 a.u. in bond lengths, one fourth of the LDA error, and is 0.0025 eV in binding energies, one-fifth of the LDA error. Becke86A is only little worse than PBE in predicting bond length. Encouraged by these results, we have performed calculations on these systems with PBE exchange-correlation functional 24 and found that the results, which are labeled as ''PBE XC'' in Table I , are quite close to PBE exchange with PW91 correlation. Our results demonstrate that indeed GGA can improve LDA and describe binding of van der Waals interactions and that the exchange functionals play an important role. In comparison with ab initio MP4 method, the accuracy of GGA DFT is definitely inferior to the complete MP4 with a large basis set augmented by a set of midbond functions. [32] [33] [34] However, this still appears to be encouraging, given the negative conclusions from previous GGA studies of the same van der Waals systems. 10, 11 We can explain the performance of various exchange functionals on the rare gas diatomic molecules by the behavior of F(x) of the functional in the large x region, displayed in Fig. 1 . The order in Fig. 1 for F(x) at large x is Becke88, DK87, PW86, Becke86B, Becke86A, PBE, and PW91. This is essentially also the order of the energy curves in Fig. 2 . It can be seen that for large x, Becke88 and DK87 deviate from Dirac exchange ͓F(x)ϭ1͔ much more than other exchange functionals so that they overcorrect LDA's overbinding to make the interaction repulsive. On the other hand, PW91's correction is not enough so that it still displays overbinding.
Recall that Becke88 satisfies Eq. ͑5͒ while PW91, PBE, and Becke86A obey Eq. ͑6͒. This seems to support the use of Eq. ͑6͒ in constructing GGA exchange functional for describing van der Waals interaction.
We also have performed calculations for these six diatomic molecules using the same seven exchange functionals with the Lee-Yang-Parr correlation ͑LYP͒.
18 Becke88 and DK87 also displays repulsive curves while other five give more binding energy and shorter bond lengths than with PW91 correlation, and the order of the potential curves is the same as in Fig. 2 . It confirms that the difference between present result and previous conclusion is mainly due to the GGA exchange functionals used. The overall result with LYP is worse than with PW91 correlation so that they are not presented here.
In conclusion, the behavior of GGA exchange functional in the region of low density and large density-gradient plays an important role on the performance of DFT for van der Waals systems. We have found that several GGA exchangecorrelation functionals can describe the binding for these rare gas diatomic molecules. In particular, PBE exchangecorrelation functional, PBE or Becke86A exchange in conjunction with PW91 correlation improves LDA's binding energy by about a factor of 5 and LDA's equilibrium length by about a factor of 4 or 3.
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